We propose a new type of radiative seesaw model in which observed neutrino masses are generated through a three-loop level diagram in combination with treelevel type-II seesaw mechanism in a renormalizable theory. We introduce a Nonabelian flavor symmetry T 7 in order to constrain the form of Yukawa interactions and Higgs potential. Although several models based on a Non-abelian flavor symmetry predict the universal coupling constants among the standard model like Higgs boson and charged leptons, which is disfavored by the current LHC data, our model can avoid such a situation. We show a benchmark parameter set that is consistent with the current experimental data, and we discuss multi-muon events as a key collider signature to probe our model.
I. INTRODUCTION
A new boson has been discovered at Large Hadron Collider (LHC), whose properties of the production and decay are consistent with those of the Higgs boson in the standard model (SM) [1, 2] . This fact, the observed particle is the SM-like Higgs boson (h), could seriously affect to models for the charged lepton with flavor symmetries [3] [4] [5] , since some models could be ruled out. As a typical example, we show models based on Non-abelian discrete symmetries such as A 4 1 , T N [9] , ∆(27) [10, 11] , Σ(81) [12, 13] , that only have the irreducible representations of singlets (typically introduced as Higgs fields) and triplets (typically as leptons). The Lagrangian is then given by Such a situation is extremely disfavored by the current results of the Higgs boson search at LHC, namely, the event rate for pp → h → τ + τ − is almost the same as that in the SM, while the event of pp → h → µ + µ − has not been observed yet 2 .
In the present paper, we clarify the relation between the lepton sector and the Higgs sector in the T 7 flavor symmetry [14] [15] [16] [17] . As for the neutrino sector, two mechanisms of type-II seesaw [18] and radiative seesaw with several loops 3 are involved to induce the neutrino observables. Especially, our scenario requires up to a specific three-loop diagram that gives diagonal components to neutrino mass matrix, while the off-diagonal components are obtained through the type-II seesaw mechanism at tree level. As for the Higgs sector, we consider the whole Higgs potential and derive all the masses of the Higgs bosons. We then analyze the behavior of the SM-like Higgs boson, by fixing a benchmark point. Our analyses of the Higgs fields could be applied to many models, e.g. lepton flavor models with Non-abelian discrete symmetries. Since the Higgs sector in the present model is similar to that of the Type-X or lepton specific two Higgs doublet model (THDM) [19, 20] , constraints from hadron collider experiments are rather weak. We give a numerical example, in which decay modes of the second lightest CP-odd, -even and charged Higgs bosons are mainly muons. This will be signals of the present model. This paper is organized as follows. In Section 2, we show particle contents of our model, and discuss Higgs boson masses and neutrino masses generated at tree and three-loop level.
In Section 3, we analyze phenomenology of Higgs bosons. We summarize and conclude in Section 4. In appendices, some results of detailed calculations for the Higgs sector and radiatively induced neutrino masses are given.
II. THREE LOOP RADIATIVE SEESAW MODEL
In this section, we propose a three-loop radiative seesaw model which is an extension of the minimal Higgs triplet model motivated from the type-II seesaw mechanism [18] . First, we give particle contents and Yukawa interactions. After that, masses for the Higgs bosons and neutrinos are discussed.
2 From the current LHC data, σ(pp → h → µ + µ − ) SM × 10 has been excluded at 95 % confidence level [21] . 3 As for the other radiative seesaw models, see Refs. . The particle contents are shown in Tab. I. We add three SU(2) L triplet scalar fields ∆ a , three SU(2) L doublet scalar fields η a , Φ a (a = τ, e, µ), and an SU(2) L doublet scalar field Φ q , where η a do not have the vacuum expectation values (VEVs). The Z 2 parity is imposed so as to forbid terms such asLηe R . The Z 3 parity is introduced in order to avoid couplings among Φ q and leptons. The renormalizable Lagrangian of Yukawa interactions is given by
A. Model setup
Four doublet Higgs fields and three triplet Higgs fields can be parameterized as
where v a and v q are the VEVs for the doublet fields and v ∆a are those for the triplet fields, which satisfy the sum relation
The VEVs of the doublet Higgs fields Φ a are related to the charged lepton mass matrix from Eq. (II.1) as From the tadpole condition, we obtaiñ
where λ ℓ ≡ λ ℓ1 + λ ℓ2 and λ qℓ ≡ λ qℓ1 + λ qℓ2 .
There are seven (six) physical CP-even (CP-odd) scalar bosons, six pairs of singly-charged scalar bosons and three pairs of the doubly-charged scalar bosons in addition to the neutral . Such a contribution can be negligible, because of v ∆ ≪ v. Second, they give masses for Z 2 odd scalar bosons, which are not related to the following discussions.
where ǫ µ,e = m µ,e /m τ . Similarly, each of the mass matrix for the CP-odd scalar bosons and that for the singly-charged scalar bosons in the basis of (z q , z τ , z µ , z e , ∆ 
One can find that the eigenvectors belonging to the NG modes G 0 and G ± are given as
We can construct the unitary matrices which make M + are given as a block diagonal form like 4 × 4 and 3 × 3, so that we can separately consider the mass eigenstates which are mainly composed of doublets from those of triplets. We then define the mass eigenstates for the CP-even, CP-odd and singly-charged scalar bosons as follows
(II.20)
The masses for the Higgs bosons can be calculated as
Approximately, the masses for the Higgs bosons can be expressed in the case of
In addition, first 2 × 2 part of the unitary matrices are written as
We note that m The mass matrix for the doubly-charged scalar states is expressed by the 3 × 3 form, because they purely come from the triplet Higgs fields. In the basis of (∆ In the following discussion, we treat h as the SM-like Higgs boson which should be identified to be a new boson discovered at LHC with the mass of 126 GeV.
C. Neutrino mass matrix
In this subsection, we discuss neutrino masses which are induced at three-loop level as well as at tree level. First, the tree-level mass matrix for neutrinos
When v ∆τ = v ∆µ , the Pontecorvo-Maki-Nakagawa-Sakata matrix at the tree level U (0) is given by
where
e3 = 0 and the maximal mixing are originated from the condition v ∆τ = v ∆µ . However, this condition can be relaxed to obtain non-zero U e3 and observed value of θ 12(23) at 3σ range. As mentioned before, we take v ∆ = O(1) GeV to obtain the phenomenologically enough large mass for A τ , so that y ∆ = O(10 −10 ) is required to reproduce m ν = O(0.1) eV.
Since there exist only three parameters in Eq. (II.35), one cannot derive all observables in neutrino sector. Therefore, one has to take loop-level mass matrices into account. Next, we discuss loop level neutrino masses. The tree level mass matrix does not have non-zero diagonal entries and neutrino observables cannot be derived at tree level. Therefore we focus on diagonal elements induced by loop diagrams. To achieve it, we summarize how (ii) Odd number of ∆s should be attached on the fermion line for lepton number violation.
(iii) At least, three ∆s should be attached on the fermion line in order to generate diagonal elements of neutrino mass matrix, because ∆ changes the lepton flavor, while Φ does not. If only one ∆ is attached, it always gives off-diagonal elements of neutrino mass matrix.
(iv) On fermion line between Φ and ∆, chirality suppression occurs.
Along these lines of thought, one finds that the sizable contributions to diagonal elements are given at three-loop level shown in Fig. 1 , and its magnitude can be estimated as
where µ η is the dimensionful coupling associated with the T 7 invariant term defined in of Φ and ∆ 6 . As a result, we can reproduce observed neutrino masses ∼ O(0.1) eV and the mixing data because of many parameters, as can be seen in Appendix B. As for the other contributions up to three-loops, see Appendix C.
III. HIGGS PHENOMENOLOGIES
In this section, we discuss the collider phenomenology of the Higgs bosons. This model can be effectively regarded as the so-called Type-X or lepton specific THDM [19, 20] 
where Sign(q)=1 (−1) for q = d (q = u), and the projection operators are P L = (1 − γ 5 )/2 and P R = (1 + γ 5 )/2. From the above expression, the ratio of the Yukawa coupling in our model to that in the SM, c hf f , and the similar rate of the gauge coupling c hV V for h can be calculated as
2)
The SM-like limit, in which the coupling constants of h are the same as those in the SM Higgs boson, can be obtained by taking the following limit
By using α, this limit can also be approximately expressed as sin(β − α) → 1 which is the same form known in the THDMs with a softly broken discrete Z 2 symmetry. In the SM-like limit, factors of the vertices among the lightest extra Higgs bosons (H τ , A τ and H ± τ ) and fermions are calculated by
It can be seen from the above expressions that the lepton (quark) couplings can be enhanced (suppressed) in the case with large tan β. This feature in our model is very similar to that of the Type-X THDM.
A. Current experimental constraints
We here consider constraints from the current experimental data. As we discussed in the previous subsection, phenomenology of the lightest extra Higgs bosons (H τ , A τ and H ± τ ) can be regarded as that in the Type-X THDM, so that the current experimental bound can be applied to our model in the similar way as that in the Type-X THDM. We take into account the following constraints.
At the LEP direct search experiment, masses for extra CP-odd, CP-even and charged
Higgs bosons have been constrained from below by 93.4 GeV, 92.8 GeV and 79.3 GeV, respectively, with the 95% confidence level in supersymmetric (SUSY) models [57] .
2. From the B physics experiments, the mass of charged Higgs bosons m H + is strongly constrained in multi-doublet models. For example, from the B → X s γ data, the lower limit of m H + has been given by 295 GeV [58] with the 95% confidence level in the Type-II THDM with tan β 2. However, this constraint turns out to be quite weak in the Type-I and Type-X THDMs; i.e., m H + = 100 GeV with tan β 3 is allowed with the 95% confidence level as shown in Ref. [19, 20, 59] . The other processes including the B meson such as B → τ ν, B → Dτ ν, etc. give milder bounds compared to that from the B → X s γ process 7 in the Type-X THDM. is taken to be from 110 GeV to 150 GeV, the 95% confidence level lower limit for tan β has been obtained to be about 10 in Ref. [63] . Although the Higgs sector in the MSSM corresponds to the Type-II THDM, this constraint cannot be simply applied to the non-SUSY Type-II THDM due to SUSY relations. Understanding this, let us assume that the 95% confidence level upper limit for the cross section of gg → bbH/A → bbτ τ and gg → bbH/A → bbτ τ is given by these cross sections calculated in the Type-II THDM with the case of 110 < m A (= m H ) < 150 GeV, sin(β − α) = 1 and tan β = 10.
The cross section can be calculated by
Recently, BaBar Collaboration has reported data on the ratios BR(B → D * τ ν)/BR(B → D * ℓν) and BR(B → Dτ ν)/BR(B → Dℓν) (ℓ = e, µ) that deviate from the SM expectations by 2.7σ and 2.0σ, respectively, and their combined deviation is 3.4σ [60] . These deviations cannot be simultaneously explained by the contributions of the charged Higgs boson in the softly-broken Z 2 symmetric THDMs. is calculated by using Eq. (III.5) in the Type-II THDM with tan β = 10. The numbers displayed in the last column show the lower limit for tan β in the Type-X THDM by using σ
Type-II 95
at the 95% confidence level.
where each of σ gg→Φ 0 (σ gg→h SM ) and σ gg→bbΦ 0 (σ gg→bbh SM ) is the cross sections of the gg → Φ 0 (h SM ) and gg → bbΦ 0 (bbh SM ) processes with h SM being the SM Higgs boson whose mass is taken to be the same as the mass of Φ 0 . In the Type-X THDM, BR(Φ 0 → τ τ ) can be almost 100% when tan β 2. On the other hand, the quark couplings with H and A are proportional to cot β, so that the cross section can be the maximal value at around tan β ≃ 2 [19] . In Tab. II, the lower limit for the value of tan β in the Type-X THDM in the case with sin(β − α) = 1 and m A = m H = m Φ 0 is listed, which is obtained by imposing the upper limit for the cross section given in Eq. (III.5). We note that this constraint for tan β can be relaxed when the mass degeneracy in A and H is not assumed.
The charged Higgs boson H
± in the MSSM has been searched from the top quark decay t → H ± b at LHC. In Refs. [65, 66] , the excluded regions at the 95% confidence level in the tan β-m H + plane are shown. However, in the Type-X THDM, the decay rate of t → H ± b is suppressed by the factor of cot 2 β [19, 20] , so that the constraint from the top decay becomes much weaker than that obtained in the MSSM. 
In such a case, the tetra-muon process 
IV. CONCLUSIONS
We have constructed a loop-induced neutrino mass model and analyzed Higgs phenomenologies with T 7 flavor symmetry in a renormalizable theory. In our model, we have shown that observed neutrinos and their mixings can be generated through a three-loop level diagram (that derives their diagonal elements) in combination with the type-II seesaw (that derives their off-diagonal elements). Also we have analyzed the Higgs phenomenology which can be reduced to that in the Type-X THDM, and found a benchmark point which is consistent with several constraints by the current experiments at such as LHC. Since the second lightest CP-odd, -even and charged Higgs bosons mainly decay into muons, our model is testable by observing multi-muon signatures.
Higgs potential
The most general T 7 invariant Higgs potential is given as follows V Higgs = m defined in Eq. (A.1) and those defined in the main text as
In addition to this, we introduce the following soft breaking terms
which reduce the T 7 symmetry to Z 3 . Although the general soft breaking terms of the T 7 symmetry contain more mass terms 8 , we assume the minimal breaking of T 7 to Z 3 that corresponds to cyclic permutation ϕ 1 → ϕ 2 → ϕ 3 → ϕ 1 of each T 7 triplet.
Tadpole conditions
Hereafter we define linear combinations of coupling constants as
8 , c 1+2 ≡ c 1 + c 2 , etc. 
Scalar mass matrices
We write down the explicit form of scalar mass matrices. Although Φ and ∆ mix with each other except the doubly charged components ∆ ±± , the inert doublets η do not. Again The elements for the CP-even scalar states are calculated as
The mass matrix for the CP-odd scalar states has a zero eigenvalue which corresponds to NG boson eaten by the Z boson. Each element is calculated by
1+2 v 1 v 3 , (6, 7) ≃ The matrices U ∆ , V R(I) and V + are diagonalization matrix of ∆ ±± , η R(I) and η ± , respectively. U ′ + is 7 × 7 diagonalization matrix of singly-charged bosons. negligible.
As another example, let us consider a contribution to diagonal elements from the two-loop diagrams depicted in Fig.3 and Fig.4 , in which the dominant one comes from the upperright panel in Fig.3 . However the magnitude is at most (1/(16π 2 ) 2 )y diagonal elements, and we find that this is also too tiny to generate neutrino masses. See
Ref. [53] for details.
